Proton transport by phosphate diffusion--a mechanism of facilitated CO2 transfer by unknown
Proton Transport by Phosphate Diffusion 
A  Mechanism of Facilitated CO2 Transfer 
GEROLF  GROS,  WALDEMAR  MOLL,  HEIKE  HOPPE,and  HANNE 
GROS 
From the Institut fiir Physioiogie, Universi~t  Regensburg,  8400 Regensburg,  West Germany 
A B S X R A  C X  We have measured CO2 fluxes across phosphate solutions at differ- 
ent carbonic anhydrase concentrations, bicarbonate concentration gradients, phos- 
phate  concentrations,  and  mobilities.  Temperature  was  22-25"C,  the  pH of the 
phosphate solutions was 7.0-7.3. We found that under physiological conditions of 
pH and  pCO~ a  facilitated diffusion of CO2 occurs in addition  to free diffusion 
when (a) sufficient carbonic anhydrase is present, and (b) a concentration gradient 
of HCO3- is established along with a pCO~ gradient, and (c) the phosphate buffer 
has a mobility comparable to that of bicarbonate. When the phosphate was immobi- 
lized by attaching 0.25-ram-long cellulose particles, no facilitation of CO~ diffusion 
was detectable. A  mechanism of facilitated CO~ diffusion in  phosphate solutions 
analogous to that in albumin solutions was proposed on the basis of these findings: 
bicarbonate diffusion  together with  a  facilitated  proton  transport by phosphate 
diffusion.  A  mathematical  model of this  mechanism  was  formulated.  The  CO2 
fluxes predicted by the model agree quantitatively with the experimentally deter- 
mined fluxes. It is concluded that a highly effective proton transport mechanism 
acts in solutions of mobile phosphate buffers. By this mechanism, CO2 transfer may 
be increased up to fivefold and proton transfer may be increased to 10,000-fold. 
INTRODUCTION 
The pH value of the interior of living cells is held constant within narrow limits. 
In the cells of mammals including  man a  pH value of about 7 is maintained in 
spite of a  continuous production of COs and fixed acids (e.g. lactic acid) inside 
the cells. This holds true also for those cells of the gastric mucosa and the kidney 
which are specialized in secreting large amounts of H ÷ (2). Thus,  H* and CO~ 
have to be constantly and efficiently transported through the cell interior before 
they permeate the  cell membrane.  This paper is aimed at elucidating  possible 
mechanisms of intracellular  proton and  COs transfer. 
Production as well as secretion of H ÷ establish gradients of pH within the cell 
along which proton fluxes matching the rates of secretion or production have to 
occur. Free diffusion of protons appears to be a rather ineffective mechanism of 
proton transport since at physiological values of pH its driving force is extremely 
small:  H ÷  concentration  differences  in  cells  are  of the  order  of  10-7-10 -s  M. 
However, due  to the buffering substances of the cell,  such a  H + concentration 
difference is accompanied by a concentration difference of buffered protons of 
the order of 10-2-10 -a M. Although  the  mobility of the buffers may be  10-100 
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times lower than the mobility of free protons, a facilitated transport of protons 
by buffer diffusion should thus be 1,000-10,000 times more effective than free 
diffusion of protons (1, 3, 4). An analogous consideration led to the conclusion 
that oxyhemoglobin diffusion can  produce a  significant facilitation of oxygen 
diffusion (5-10).  However, facilitated 02 diffusion under physiological condi- 
tions appears to be a mechanism far less effective than facilitated H + diffusion 
since the 02 fluxes provided by it are only of the same order as those provided by 
free diffusion of oxygen (7, 9-11). 
Proton transport together with diffusion of fixed acid anions (such as lactate) 
result in fixed acid transfer, proton transport together with bicarbonate diffu- 
sion  result in  carbonic acid  transfer, and,  with  the action of CO2  hydration- 
dehydration reaction,  CO2  transfer.  Measurements  of CO2  net  fluxes across 
buffer solutions should therefore allow quantitative inferences on the transfer of 
protons in such a system. In the present study we report determinations of CO2 
fluxes across layers of phosphate buffer solutions under various conditions of 
CO~ hydration velocity, pCO~, buffer concentration, and buffer mobility. The 
results and calculations indicate that (a) buffer diffusion indeed enhances pro- 
ton transport by several orders of magnitude, and (b) this mechanism of proton 
transport together with bicarbonate diffusion make possible, in the presence of 
carbonic anhydrase, a  facilitation of CO2 diffusion, which under physiological 
conditions of pH and pCO2 can increase the flux of CO~ to 2.5-5-fold. 
As a buffer we have chosen phosphate for the present experiments, since it is 
an important buffer in many tissues (muscle, kidney, digestive tract) and because 
facilitated CO2 transfer in phosphate solutions, unlike that in protein solutions 
(1,3), allows a straightforward physicochemical analysis. Taking into account the 
diffusion coefficients of the various molecular species involved as  well as  the 
magnitude of the diffusion potential, a complete theoretical treatment of facili- 
tated  CO2  diffusion  in  buffer  solutions  was  possible  for  the  first  time.  In 
addition, the availability of cellulose phosphate Pll, whose phosphate groups 
are potent buffers but practically immobilized through attachment to cellulose 
particles as large as 30-250/zm, allows a direct demonstration of the crucial role 
of buffer mobility for the facilitated diffusion of CO~. 
METHODS 
Principle 
CO2 fluxes across  180-#m or 2-mm-thick layers of the solutions to be investigated  were 
measured under steady-state conditions. The details of the method have been described 
elsewhere (12). In brief, the layers were put between two chambers which were perfused 
with CO2-N2 mixtures of  different CO2 partial pressures. When steady state was reached, 
the CO~ concentrations prevailing in the two chambers were measured. The CO2 concen- 
trations allowed to calculate  the CO2 partial  pressure difference across the layer, and, 
together with the flow rates of the gases, the flux of CO2 resulting from this CO2 partial 
pressure difference. 
Layers 
Millipore  filters  with  an  effective thickness  of  180  /~m  (type  HA,  Millipore "Corp., 
Bedford, Mass.) were used for the experiments with solutions of inorganic phosphate. 
The filters were soaked in these solutions  for 30 min. Since the flow rates of the gases GROS ET AL.  Proton  Transport by Phosphate Diffusion  775 
passing through the chambers were generally lower than in previous studies (1,3, 12), the 
filters did not have to be covered by silicone  membranes to prevent exsiccation. Two- 
millimeter-thick, filter-free layers were used for the experiments with cellulose phosphate 
Pll.  It was  not possible  to employ Millipore  filters  in  these experiments  because the 
cellulose phosphate particles are considerably larger than the pores of the filters (0.45 
/zm). Instead, the solutions were filled in between two 150-/zm-thick silicone  membranes 
stretched out at a  distance of 2 ram.  In calculating the CO~ diffusion coefficients the 
diffusion resistance of these membranes (5-20%  of the total diffusion resistance of the 
layers) was taken into account. 
Materials 
Solutions of inorganic phosphate were prepared by dissolving mixtures of Na2HPO4 and 
KH2PO4 (p.a.,  Merck Company, Darmstadt) in distilled  water. Suspensions of cellulose 
phosphate were obtained by suspending cellulose phosphate P11 (Whatman Ltd., Spring- 
field  Mill,  Maidstone,  Kent)  in  a  50  mM  NaCI  solution.  The  "fines"  were  carefully 
removed from the Pll suspensions by the following procedure: A suspension of 140 g of 
dry cellulose  phosphate  in  31  of 50  mM  NaCI was  allowed  to  settle  in  a  80-cm-high 
cylinder for 15 rain. Then the supernatant containing the smaller particles of cellulose 
phosphate was removed, and the pellet containing the larger particles was resuspended in 
the  same  volume of NaCI solution.  After repeating  this  procedure 20  times  22  g  of 
cellulose phosphate representing the fraction of larger particles were recovered from the 
original 140 g. These selected cellulose phosphate particles had a rod-like shape with an 
average length of 250 lzm (SD -+ 70 tzm) and an average diameter of 31/zm (SD -  5/zm) 
as determined microscopically. Solutions of 8 g/100 ml cellulose phosphate in 1.5 g/100 ml 
agar-agar were prepared using cellulose  phosphate rendered free of smaller particles as 
described  above.  A  16-g/100  ml  solution  of cellulose  phosphate  whose  pH  had  been 
adjusted to 7.43 was warmed up to 45°C and mixed with an equal volume of 3-g/100 ml 
fluid agar-agar solution of the same temperature. From this mixture, while still at 45°C, 2- 
ram-thick diffusion layers were prepared. The mixture gelatinized when the layers were 
cooled to room temperature. The agar-agar gel prevented sedimentation of the cellulose 
phosphate particles during the diffusion experiment. Solutions of 90 mM phosphate in 
1.5-g/100  ml agar-agar were obtained  in  the  same fashion.  The  16-g/100 ml cellulose 
phosphate solution was replaced by a 180 mM solution of inorganic phosphate with pH = 
7.43.  The carbonic anhydrase added  in  part of the experiments  was  bovine carbonic 
anhydrase purchased from Serva (Heidelberg). Its activity was 11 at a concentration of 1 
rag/liter according to the suppliers. 
Analytical Procedures 
COs concentrations of the  gases  were  measured  in  a  gaschromatograph (carrier  gas: 
helium 40 ml/min, column: Porapak, OD 1/4 inch, length  126 cm). Cellulose phosphate 
concentrations were obtained  from dry weight determinations.  Titration  curves were 
done using Radiometer (Copenhagen) automatic titration equipment with a thermostat- 
ted titration vessel. The CO2 binding of phosphate solutions was studied in solutions of  49 
mM Na2HPO4  with  17 mM KHePO4 and 666 mM Na2HPO4 with 39 mM KH~PO4. The 
solutions  were  equilibrated  at  25°C with  CO2-Ni  mixtures  of known  pCO2  in  Laue- 
tonometers (13). Subsequently the total content of COs was determined in a Van Slyke 
manometric apparatus, and the pH value was measured anaerobically in a thermostatted 
capillary pH glass electrode. 
RESULTS  AND  DISCUSSION 
The  results  described  in  the  following  sections  demonstrate  facilitated  CO2 
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conditions there are three prerequisites for facilitation: (A) the catalyzing action 
of carbonic anhydrase, (B) the formation of a concentration gradient of bicar- 
bonate across the layer, and (C) the presence of mobile buffers acting as proton 
carriers. 
(A) Carbonic Anhydrase 
When carbonic anhydrase is added to solutions of inorganic phosphate the flux 
of COz increases severalfold: facilitated diffusion of COz occurs. This is demon- 
strated in Fig.  1 where the CO2  flux across  180-txm-thick layers of phosphate 
solutions at constant COz boundary partial pressures is plotted as a function of 
the carbonic anhydrase concentration. All experiments were performed at room 
temperature (22-25°C). 
Fig.  1  a  shows that in the absence of carbonic anhydrase the CO2 flux across 
the 66 mM phosphate solution amounted to 1.3 nmol cm-2s  -1. With CO2 partial 
pressures at the boundaries of the layers of 57 and 26 torr this corresponds to a 
CO2 diffusion coefficient ofDco~ =  15.9.10  -6 cross -1 (see Table I). This value is 
3%  lower than  the  value obtained under identical conditions for pure  water 
(Dco, =  16.4.10 -6 cm%-l). Such a reduction would be expected from the data of 
Ratcliff and Holdcroft (16) on the effects of various salts on the diffusivity of 
COz. The good agreement of the two diffusion coefficients thus indicates that (in 
spite of the slight catalytic effect of phosphate on the hydration of COz [17]) in 
phosphate solution without carbonic anhydrase, as in water (1), no facilitation of 
COz diffusion occurs.  Facilitation is observed, however, when carbonic anhy- 
drase  is added.  A  maximum CO2  flux of 3.2  nmol cm-%  -1  is reached with a 
carbonic anhydrase concentration of 0.2 g/100 ml. This flux seems to be unlim- 
ited  by the  velocity of CO2  hydration since  further increase  of the  carbonic 
anhydrase concentration does not lead to a  further increase of the CO2 flux. 
With sufficient carbonic  anhydrase present,  facilitated diffusion can  thus in- 
crease the CO2 transfer 2.5  times in a 66 mM phosphate solution under fairly 
physiological conditions (boundary pCO2's 57 and 26 torr, average pH -  7.0). 
Fig. 1 b shows COs fluxes through a 705 mM phosphate solution plotted versus 
carbonic anhydrase concentration. In the absence of carbonic anhydrase a flux 
of 0.69 nmol cm-Zs -~ was measured when the boundary CO2 partial pressures 
were 56  and  30  torr,  respectively. Due to  the  high concentration of salts the 
corresponding value of the COz diffusion coefficient (Table I) is reduced by 22% 
as compared to that in water. Again, the flux of CO~ increases with carbonic 
anhydrase  concentration:  it  reaches  a  maximum  of  3.4  nmol  cm-2s  -~  with 
carbonic anhydrase concentrations ~>0.2 g/100 ml. Thus, facilitated diffusion in 
this case causes a five-fold increase in COs transfer. It may be noteworthy that a 
more than 10-fold increase of the phosphate concentration leads to an increase 
of only 1.7-fold of the maximal CO~ fluxes per CO2 partial pressure difference 
and of the maximal CO2 diffusion coefficients (see Table I). 
(B) Concentration Gradient of HCOa- 
Since facilitated diffusion of CO2, as shown above, requires considerable acceler- 
ation of the CO~ hydration reaction by carbonic anhydrase, the conclusion that it GROS  ET  AL.  Proton Transport by Phosphate Diffusion 
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FIGURE  1.  Flux of CO= across 180-/~m-thick layers of 66 mM (Fig.  1 a) and 705 mM 
(Fig.  1 b) phosphate  solution  as a  function  of carbonic  anhydrase concentration. 
The  layers  were  Millipore  filters  with  an  effective  diffusion  area  of 8.56  cm ~. 
Temperature:  22-25°C.  The  CO=  boundary  partial  pressures  were  held  constant 
(for the 67 mM solution at 57/26 torr, for the 705 mM solution at 56/30 torr) in spite 
of CO= fluxes changing with the carbonic anhydrase concentration  by varying the 
rate of gas flowing through the chambers. 
TABLE  I 
CO= DIFFUSION  COEFFICIENTS  IN 66 AND  705  mM PHOSPHATE  SOLUTIONS 
Phosphate concen-  Carbonic anhydr~e  Boundary COt par-  Average pH in the 
tratinn  CO= diffusion coefficien~  concentration  tial pre~sures  }ayer 
mM  c m ls -1  g l l O0 r,d  tort 
0  16.4  •  10 -s  (-+0.9%)  - 
66  15.9.  10  -6 (-+ 1.9%)  --  57/26  7.0 
66  39.2  •  10  -8 (-+2.9%)  />0.2  57/26  7.0 
705  13.4 • 10  -~ (---2.4%)  -  56/30  7.3 
705  67.3  •  10  -6 (---2.3%)  ~>0.2  56/30  7.3 
COt  diffusion  coefficients  (with  standard  error  as  percentage  of the  mean)  in  66  and  705  mM 
phosphate solutions, in presence of excess and in absence of carbonic anhydrase. Layers: Millipore 
filters with an effective thickness of 180/~m. Temperature:  22-25°C. The diffusion coefficients are 
calculated from the data of Fig. 1 using the following COs solubility coefficients: 49 nmoi cm  -s torr -~ 
in water (14), 48 and 35 nmol cm  -~ torr -~ in the 66 and 705 mM phosphate solution, respectively (15). 
The  average pH values are calculated from the average pCO='s and the buffer capacities. 778  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  "  VOLUME  67  •  1976 
involves diffusion of the product of this reaction, bicarbonate, seems obvious. 
The same suggestion has, indeed, been made by several authors, who studied 
facilitated CO2 net fluxes in protein solutions (1,  3,  18) and in highly alkaline 
carbonate-bicarbonate  solutions (19,  20),  or  bicarbonate  self-exchange under 
conditions of zero net fluxes (21,  22).  If it is  true for our system, we should 
expect facilitated CO2  diffusion to depend, among other parameters, on the 
concentration gradient of bicarbonate. Fig. 2 demonstrates that this is the case: it 
shows a plot of the facilitated flux of CO2 versus the concentration difference of 
bicarbonate across the layer. Different bicarbonate concentration gradients were 
established by varying the CO2 boundary partial pressures. All experiments were 
carried out in the presence of an excess of carbonic anhydrase (>0.2 g/100 ml). 
Fig. 2 shows that, for the 66 mM as well as for the 705 mM phosphate solution, 
the  facilitated  flux of CO2  is  proportional  to  the  bicarbonate  concentration 
difference across the layer. It will be noted that the facilitated flux per HCO3- 
concentration difference in the 705 mM solution is only half of that in the 66 mM 
solution which results mainly from the decreased activity of the bicarbonate ion 
in the more concentrated solution (see  Table  III). We may conclude that the 
data of Fig. 2 confirm the view that bicarbonate diffusion is an essential element 
of facilitated CO2 diffusion. 
(C) Buffer Mobility 
If bicarbonate diffuses across the layer after a concentration gradient to enhance 
the transport of CO2, it will be formed by the catalyzed CO2 hydration reaction at 
the side  exposed to a  high pCO2,  and decomposed to  form CO2  at the side 
exposed to a low pCO~ (see Fig. 4). Formation of HCOn- from CO~ then leads to 
a  release  of  H +  at  the  side  of high  pCO2,  the  reverse  reaction  leads  to  a 
consumption of H + at the side of low pCO2. Therefore, as has been pointed out 
before (1,3, 23), facilitated CO~ transport by bicarbonate diffusion under steady- 
state conditions requires equivalent fluxes of bicarbonate and protons.  It has 
been  mentioned  in  the  introduction  that  free  diffusion  of  protons  cannot 
provide these fluxes: judging from the boundary pH values of the layers (6.89 
and 7.07, see below) and the H + diffusion coefficient (92.10 -8 cm~s  -1 [24]), free 
diffusion can  account  for a  proton  flux of about  1/10,000  of the  measured 
facilitated CO2  flux. The mechanism which is  able  to produce proton fluxes 
10,000 times as large as those by free diffusion, is a facilitated proton transfer by 
phosphate diffusion as will be shown by the calculations described in the next 
section. If this process, together with the diffusion of bicarbonate, are indeed 
the basis of facilitated CO2 diffusion, facilitated diffusion should be abolished 
when the buffer is immobilized. In the experiments described in this section the 
diffusion of CO2 through solutions of mobile phosphate buffer was compared 
with that through solutions of immobile phosphate buffer. 
In the first two lines of Table II, the CO~ diffusion coefficients measured in 8- 
g/100 ml cellulose phosphate solution with 1.5 g/100 ml gelatinized agar-agar and 
excess  carbonic  anhydrase  are  listed.  This  solution  does  not  contain  freely 
diffusible buffers. The phosphate groups are covalently bound to rod-shaped 
cellulose particles with an average diameter of 31  ~m and an average length of GRos ET ^L.  Proton Transport by Phosphate Diffusion  779 
250 #m.  Using Einstein's (25) relation between  molecular radius and diffusion 
coefficient  it can  be estimated  that the diffusion of these cellulose  particles  is 
50,000-1,000,000  times slower than  the  diffusion of free phosphate  ions.  In 
addition  the  presence of gelatinized agar-agar will inhibit the diffusion of the 
cellulose  phosphate  particles  (as  it  inhibits  their  sedimentation).  Whereas  the 
mobility of the  phosphate  thus  should be practically abolished  in  the cellulose 
phosphate  solution,  its  capability  of acting  as  a  buffer  is  preserved.  This  is 
demonstrated in Fig. 3 which shows the titration curve of a  16 g/100 ml cellulose 
phosphate solution. From this solution, which has a buffer capacity of ~90 mM/ 
ApH,  2-mm-thick  filter-free  layers  were  prepared  after  mixing  with  equal 
volumes of 3-g/100 ml agar-agar. COs diffusion coefficients were determined in 
these layers in a  low and in a  high CO2 partial pressure range at 22-25°C. The 
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FIGURE 2.  Facilitated flux of COa as a function of the bicarbonate concentration 
difference across the layer, for 66  mM (I) and  705  mM (II) phosphate solution. 
Layers': Millipore filters, effective thickness 180 p.m. Carbonic anhydrase concen- 
tration  t>0.2  g/100  ml.  Temperature:  22-25°C.  The boundary concentrations  of 
bicarbonate were varied by exposure of the layers to different boundary CO= partial 
pressures and were read from the CO= binding curve of the pertinent solution (they 
were practically identical to those obtained from the more exact calculations de- 
scribed below). The facilitated flux was obtained as (measured total flux) -  (con- 
centration  gradient of dissolved  CO=)  x  (CO= diffusion coefficient representing 
free diffusion only). The facilitated flux per bicarbonate concentration gradient is 
8.0 • 10  -6 cm=s  -1 for the 66 mM, it is 3.7 • 10  -e cm=s  -~ for the 705 mM phosphate 
solution. Both figures are close to the respective diffusion coefficients of bicarbon- 
ate (see Table III). 
FIGURE 3.  Titration curves of the solutions used for the diffusion experiments of 
Table II: 180 mM inorganic phosphate, 16 g/100 ml cellulose phosphate Pll (in 50 
mM NaCI), and 3 g/100 ml agar-agar. The temperature is 25°C for the phosphate 
and the PI1 solution, and 45°C for the agar-agar. The buffer capacity between pH 
6.6 and pH 7.2 is about the same for the phosphate and the Pll solution (~ 90 raM/ 
ApH). Agar-agar shows no detectable buffer capacity and thus cannot contribute 
significantly to proton binding and proton transport in the diffusion experiments. 780  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  '  VOLUME  67  "  1976 
results show that no facilitated diffusion of CO2 occurs in cellulose phosphate 
solutions: (a) The CO2 diffusion coefficients obtained in the two partial pressure 
ranges (CO2 boundary partial pressures 71/8 torr, and 685/69 torr, respectively) 
are  not  significantly  different.  Thus,  they  behave  like  diffusion  coefficients 
describing free diffusion of CO2 only. A facilitation of CO2 diffusion, and with it 
the  CO2 diffusion coefficient, should  increase  when  the  CO2 partial  pressure 
range is lowered (see Fig. 6). (b) The values of the CO2 diffusion coefficients in 
both partial pressure ranges are about 25% lower than the value in water (Table 
I). Such a reduction is to be expected for free diffusion of CO¢ if it is attributed 
to  the  diminution  of the  water  space  by" the  cellulose  particles:  taking  into 
account the different densities of protein and cellulose phosphate, this reduction 
agrees  well with  the  relation  between the  CO2 diffusion constant and  protein 
concentration described by Gros and Moll (12). Again, there is no indication for 
a facilitated CO2 diffusion in cellulose phosphate solutions. 
Lines 3 and 4 of Table II show the results of diffusion experiments  with 90 
mM solution of inorganic phosphate. Again,  1.5 g/100 ml gelatinized agar-agar 
and excess carbonic anhydrase were present.  Fig. 3 and Table II show that the 
following parameters were practically identical in this solution and in the 8-g/100 
ml cellulose phosphate  solution:  buffer capacity, CO2 partial  pressure ranges, 
average  pH values in  the  layers, carbonic  anhydrase  concentration,  agar-agar 
concentration,  and  layer  thickness.  However, contrary  to  the  cellulose  phos- 
phate solution, the phosphate ions are free to diffuse in this case (1.5-g/100 ml 
agar-agar has only a small inhibitory effect of a few percent on the diffusion of 
gases and small ions [1, 26, 27]). Table II shows that mobility of the phosphate 
results  in  a  facilitation  of CO2  diffusion:  (a)  The  CO~  diffusion  coefficient 
obtained in the low partial pressure range (66/21  torr) is 2.1 times higher than 
that  determined  in  the  high  partial  pressure  range  (676/118  torr).  A  similar 
dependency of the CO2 diffusion coefficient on the CO2 partial pressure range 
has previously been observed for the diffusion of CO2 through hemoglobin and 
albumin  solutions (1, 3, 23). (b) The CO2 diffusion coefficients in both partial 
pressure  ranges  are  higher  than  the  value  determined  for  water  (16.4-10 -6 
cm~s -1 , see Table I). This suggests that facilitated diffusion not only occurs in the 
low but also in the high partial pressure range. As estimated from the value of 
Deo, in  the 66  mM  phosphate  solution  without carbonic anhydrase  (Table  I), 
facilitated diffusion causes a  1.5-fold increase in CO2 flux in the high, and a 3.1- 
fold increase in the low partial pressure range. We conclude from the results of 
Table II that the mere presence of buffers is not sufficient for facilitated CO2 
diffusion to occur; the mobility of the buffers is a necessary condition. 
THEORY 
The model of facilitated CO2 diffusion in phosphate solutions developed on the 
basis of the described experimental results (A-C) is depicted in Fig. 4: At the side 
of the diffusion layer which is exposed to a  high  CO2 partial  pressure,  CO2 is 
hydrated  with  the catalyzing  action  of carbonic  anhydrase  (A).  This  reaction 
produces equal amounts of bicarbonate and protons. The bicarbonate diffuses 
across the layer after a concentration gradient (B). The protons are, practically Gaos  ZT  AL.  Proton Transport b~ Phosphate Diffu.don 
TABLE  II 
CO2  DIFFUSION  COEFFICIENTS IN SOLUTIONS OF CELLULOSE 
PHOSPHATE PI1  AND OF INORGANIC PHOSPHATE 
781 
Carbonic anhy- 
Boundary COt par-  Average  pH in  drase concen- 
Material  COt diffusion  coefficient  tial pressures  the layer  tration 
8 g/lO0 ml cellulose phosphate 
PII,  in  1.5  g/lO0  ml  agar- 
agar 
90  mM inorganic phosphate, 
in 1.5 g/lO0 ml agar-agar 
to~  shoo ~d 
13.1  • 10  -e (+4.5%)  71/8  7.2  0.2 
12.2 " 10  "e (-+7.7%)  685/69  6.7  0.2 
48.6 • I0-* (-+I.1%)  66/21  7.1  0.2 
23.0 • I0  -s (-+ 1.4%)  676/118  6.6  0.2 
CO= diffusion coeffidents (with standard error as percentage of the mean) in 8 g/100  ml cellulose 
phosphate  PII  and  90  mM  inorganic  phosphate solutions.  The  diffusion measurements were 
performed in a low and a high COl partial pressure range using 2-mm-thick filter-free layers. The 
COt solubility coefficient used to calculate COt diffusion coefficients from the measured COt fluxes 
is 47 nmol cm  -s torr  -1 for both solutions (for 90 mM phosphate estimated from reference 15, for 
cellulose phosphate from its concentration and specific volume, 0.5 ml g-t). The average pH values 
are calculated from the average pCOt's in the layers and the buffer capacities of the solutions (see 
Fig. 3). 
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FmURZ 4.  Model of CO2 diffusion in phosphate solutions: Besides free diffusion 
of COs,  a  facilitated  diffusion of CO=  occurs  which  is  based  on  diffusion of 
bicarbonate  and facilitated proton transport by phosphate diffusion. 
completely and instantaneously, taken up by divalent phosphate ions. These act 
as proton carriers in this system (C):  monovalent phosphate diffuses across the 
layer together with bicarbonate. At the side of low pCO2 (and high pH) protons 
dissociate from H=PO4-,  and recombine with HCOz- to form, again catalyzed by 
carbonic  anhydrase (A),  CO2  which leaves  the  layer.  HPO4--,  the  unloaded 782  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  "  VOLUME 67  •  1976 
proton  carrier,  diffuses  hack  (C)  to  the  side  of high  pCOs  to  take  up  new 
protons. Aside from the experimental evidence presented here this scheme is in 
agreement with the finding of Meldon et al. (28) that facilitated diffusion of COs, 
at a  given  pH,  reaches a  maximum  when  the  pK of a  buffer present  in  the 
solution roughly agrees with the pH, i.e. when the buffer capacity of the solution 
is close to its maximum. Evidence for an analogous mechanism of facilitated COs 
diffusion in protein solutions has been given by Gros and Moll (1,3, 23). Buffer- 
facilitated proton transport has also been considered by Engasser and Horvath 
(4) in theoretical studies on the pH profile of bound enzymes. 
It may be of interest to compare the mechanism of facilitated oxygen diffusion 
in  hemoglobin  solutions  with  the  model  proposed  here  for  facilitated  CO2 
diffusion  in  phosphate  solutions.  In  the  former  case a  flux  of 02  bound  to 
hemoglobin  is  linked  to  a  flux  of dissolved  02.  Both  fluxes  can  simply  be 
expressed by Fickian diffusion equations, one for the free and one for the bound 
species  (5,  6,  8-10).  In  the  case  of  facilitated  COs  diffusion  (a)  a  flux  of 
bicarbonate,  and  (b)  a  flux  of buffered  protons  (the  latter  representing  a 
facilitated diffusion process in  itself) occur simultaneously with a  flux of dis- 
solved COy  The  fluxes of the ions involved cannot be described in  terms of 
simple diffusion processes since electrical potentials play an important role as the 
calculations described in the following paragraphs will show. 
Basic Equations and Numerical Solutions 
The  flux, Ft,  of each  substance  present in  the layer can be expressed  by the 
Nernst-Planck equation: 
dG  ,~  z~F G.~____¢, 
Ft =  -  Dt" ~  -  "-'t"  RT"  (1) 
where  the  index  i  refers  to  the  following species involved:  HCOa-,  H~PO4-, 
HPO4--,  Na  +,  K +,  and  CO2. Dt  is  the diffusion coefficient of species i, Ct  its 
concentration, z~ its charge, ~  is the electrical potential, F  the Faraday constant, 
R  the  gas  constant,  and  T  the  absolute  temperature.  The  total  flux of CO2, 
constant with respect to the diffusion path x, is given by the sum of the (variable) 
fluxes of dissolved COs and bicarbonate: 
Ftot =  Fco, +  Fltco3-.  (2) 
The condition of equivalent fluxes of bicarbonate and protons, the condition of 
zero fluxes of the ions not participating  in the transport process, as well as the 
condition of zero net charge movement, are ensured by the following equations: 
FHCO3  -=  FH~'O,-=  --FHpo,--;  (3) 
FN.+  =  FK+  =  o.  (4) 
In Eq. 3, the fluxes of free protons and hydroxyl ions are neglected. Since only 
COs fluxes not limited  by the  COs hydration  velocity shall  be considered,  all 
reactions involved may be assumed to be in equilibrium: Oaos ET AL.  Proton  Transport by Plmspluge Diffusion  783 
[HCOa-] "[H~POV] =  Kco, 
O) 
[COd .[HPO,--]  rpho,phate 
Finally, electroneutrality is taken to be established everywhere in the layer: 
]~ zcc,  =  O.  (6) 
These equations were integrated numerically within the limits x  =  0 and x  =  1 
using Euler's method (29) on a  12-digit Wang calculator (Wang Laboratories 
Inc., Tewksbury, Mass.). They were solved in a way to obtain a theoretical value 
of Ftot for the boundary conditions of the experiment considered. 
The following boundary conditions were employed: [CO2] (x  =  0) and [CO2] 
(x  =  1) are those of the experiment, the average total concentration of phos- 
phate in the layer (1-1  x=l  1-1  x=l  /z=0 [HzPO4-]  dx +  far=0 [HPOC-] dx) is that of the 
solution used in the experiment, the average concentration of primary phos- 
phate (1-1 x=l  fx=0 [H~POC] dx) equals its original concentration in the used solution 
at pCO'`  =  0  plus the average bicarbonate concentration in the layer (1-1 /x=0x=l 
[HCOa-] dx), and ~b (x  =  0) =  0. 
Comparison of Experimental and Theoretical Results 
Using  the constants given  in  Tables  I  and  III  the  total  fluxes of CO,.  were 
calculated for the conditions of the experiments represented by Fig. 1: For the 
66 mM solution a CO2 flux of 3.0 nmol cm-'`s  -1 was obtained, which compares 
with the measured maximal flux of 3.2 nmol cm-~s  -1 (Fig. I a). In the case of the 
705 mM solution a CO'` flux of 3.5 nmol cm-'`s  -1 is predicted by the model while 
the measured flux is 3.4 nmol cm-2s  -1 (Fig. 1 b). These good agreements indicate 
that the model of facilitated CO'` diffusion represented in Fig. 4 can quantita- 
tively account for the measured facilitated CO'` fluxes. We conclude that facili- 
tated  proton  transport  by  phosphate  diffusion appears  to  be  a  mechanism 
indeed 10,000 times more effective than free proton diffusion. 
Concentration Profiles in the Layer 
Fig.  5  illustrates  how  a  proton  flux equivalent to  the  flux of bicarbonate  is 
achieved by interaction of the concentration gradients of the transporting ions 
and the gradient of the diffusion potential. It shows calculated concentration 
profiles of CO'`,  HCOa-, H'`PO4-, and HPOC- in the layer, together with the 
profile of the electrical potential. The figure refers to an experiment with 66 mM 
phosphate  solution,  CO'` boundary partial  pressures  of 57  and  26  torr,  and 
excess carbonic anhydrase (Fig.  1 a).  The boundary pH  values, as calculated 
from the boundary ion concentrations, are 6.89 and 7.07. All profiles, including 
that of the electrical potential, show slight deviations from linearity: the gra- 
dients of the ions and of the diffusion potential are 25% greater at x =  1 (side of 
low pCO'`)  than at x  =  0 (side of high pCOz), while the gradient of CO~ is 45% 
greater at x = 0 than at x =  1. The diffusion coefficients used for the calculations 
in this example were: Dco, =  15.9, DHCOs- =  8.7, Dn~*o,- =  7.0, Dnpo,--  =  2.4, all 
in the unit 10  -s cm2s  -1 (see Appendix). It can be understood from the profiles 
shown in Fig. 5 how, for instance, equimolar fluxes of HPOC- and HCOa- are 784  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME 67 • 1976 
brought about, even though the diffusion coefficient of HPO4-- is only 28% of 
that of HCO3-: (a) the concentration  difference of HPOc-  across the layer is 
about twice that of HCO3-, and (b) the electrical potential difference across the 
layer, -  1.4 mV, increases the diffusional flux of HPOC- by 52% and decreases 
the flux of HCOa- by 17%.~ Similarly, the diffusional flux of H,PO,- is reduced 
by 26% through  the diffusion potential.  The concentration  and potential  pro- 
files  obtained  for  the  experiment  with  705  mM  phosphate  solution  are  very 
much like those of Fig. 5. We conclude that an adequate description of facilitated 
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FIGURE 5.  Calculated  concentration  profiles  of  CO~,  HCO3-,  H2POC,  and 
HPOc- in a 180-/zm-thick Millipore layer, together with the profile of the diffusion 
potential, ~b. The figure refers to the experimental conditions of Fig. 1 a: 66 mM 
phosphate solution, carbonic anhydrase concentration ~>0.2 g/100 ml, CO2 bound- 
ary partial pressures 57  and 26  torr, respectively. The boundary pH  values (not 
shown) were calculated to be 6.89 and 7.07. 
CO2  diffusion  in  phosphate  solutions  has  to  take  into  account  the  diffusion 
potentials which in this case are large enough to have a significant effect on the 
ionic fluxes. 
1  The ratio of the ion flux mediated by the electrical field over the ion flux due to the concentra- 
tion gradient is 
Dl FR-IT-lziCt'ddp/dx  ~. zdCt  Adp 
Di dCddx  ACI  25.7  mV ' 
as may be derived from Eq.  1. Since HPO,-- under the present conditions exhibits  the highest 
average concentration in the layer, C,, as well as charge, z,, of all ions involved, the value ofziCl/ACt is 
greatest for HPOC-. Thus, the flux of this ion is affected most by the electrical potential difference, GRos ET AL.  Proton Transport by Phosphate  Diffusion  785 
Facilitated CO~ Diffusion as a Function of pC02 
In Fig. 6 a the COs flux across a 180-tzm-thick layer of 66 mM phosphate solution 
(pH =  7.30 at pCOs =  0) calculated for a constant pCOs difference of 10 tort is 
plotted versus  the average  pCOz in  the layer.  It can be seen that facilitated 
diffusion depends strongly on the pCO~:  For an average pCO2 of 5.2 torr the 
total flux of CO~ is 5.3 times higher than is expected from free diffusion of CO2 
alone. Increasing the average pCO: to 100 torr leads to a sharp decrease of the 
total  COs  flux  to  the  1.6-fold  of the  flux  by  free  diffusion.  With  further 
increasing pCOs the total COs flux then approaches gradually the flux by free 
diffusion. The reason for this behavior becomes clear from Fig. 6 b, where the 
calculated concentration differences of HsPO4- (i.e. of buffered protons) and of 
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FIGURE 6.  (a) Calculated CO, fluxes at a constant CO, partial pressure difference 
of 10 tort as a function of the average pCO, in the layer. The boundary CO. partial 
pressure at the side of low pCO2 was varied from 0.2 to 690 tort. Solution: 66 mM 
phosphate (49 mM NasHPO4 + 17 mM KH,PO,. pH 7.3 at pCO~ = 0). Thickness of 
the layer 180 p.m. The solid curve shows the total flux of CO,, the dashed curve 
represents the flux by free diffusion of CO, only. (b) Concentration differences, 
ACt, of HCOs- and H,PO4-  as functions of the average pCO, in the layer. The 
curves are calculated for the conditions of Fig. 6 a. 
HCOa- across the layer are plotted as a function of the average pCO2:  A[HCOa-] 
as well as ~[H2PO4-] decrease with increasing pCO2 in a fashion quite similar to 
that of the facilitated COs flux. This phenomenon reflects the hyperbolic shape 
of CO2 binding curves in buffer solutions. This shape implies that a given CO2 
partial pressure difference is accompanied by a larger concentration difference 
of bicarbonate and of buffered protons in a  low rather than in a  high partial 
pressure range. A qualitatively similar dependence on the partial pressure range 
has been demonstrated for facilitated oxygen diffusion in hemoglobin solutions 
(11). 
Facilitated C02 Diffusion as a Function of pH 
In  Fig.  7 a  the  flux of CO2  at constant boundary pCO='s  of 50  and 40  torr, 
respectively, is plotted versus the average pH in the layer. The fluxes are again 
calculated for a 180-/zm-thick layer of 66 mM phosphate solution. It can be seen 786  THE JOURNAL  OF  GENERAL  PHYSIOLOGY • VOLUME  67  •  1976 
that facilitated diffusion occurs already at pH 5.8 and increases with pH to reach 
a maximum (150% of free diffusion) at pH 7.3. With further increasing pH the 
facilitation of CO= diffusion then decreases and reaches a value of 84% at pH 7.9. 
It seems striking that facilitated diffusion does not reach its maximum exactly 
at pH 6.84, the pK value of the phosphate (see Table III) where the solution has 
its maximal buffer capacity, but about halfa pH unit above that. This pattern of 
pH  dependence is  due  to  the  CO=  binding  characteristics of the  phosphate 
solution: Whereas above pH 6.84 the buffer capacity of the phosphate solution 
decreases, the pH difference across the layer markedly increases as shown in 
t.2  pCO 2  (x=0) = 50 torr  (mV)_0.6 
pCO 2  (x=l)=/.0tort  G  b 
o'10rpco 2  (x=O) = S0torr  / 
! 
~O.e  OL 
0.~  ......................  2 
u_  free diffusion 
~' 0.2  acl  i 
u  IrnM) 
,  ~  O~......f'"  HC03 -, 
6.0  7.0  8.0  60  7.0  8.0 
pH  pH 
FIGURE 7.  (a) Calculated CO2 fluxes as a function of the average pH value in the 
layer.  The boundary CO~  partial  pressures  are  constant  with 50  and  40  torr, 
respectively.  The solution  is  66  mM  phosphate  with  varying contents of base. 
Thickness of the layer is 180 p,m. The solid curve represents the total flux of CO=, 
the dashed curve the flux by free diffusion only. (b) Concentration differences 
across the layer, ACI, for HCOs- and H=POC, pH difference, ApH, and electrical 
potential difference, A~, as a function of  the average pH in the layer. All curves are 
calculated  for the conditions of Fig. 7 a. The difference of the electrical potential 
across the layer varies between -0.09 and -0.42 mV and has only a minor influence 
on the fluxes of HCO3- and H=POC in the pH and pCO~ range occurring in the 
figure. 
Fig. 7 b. The sum of these two effects leads to an increase of the concentration 
differences of HCO3- and of the proton=carrying H=POC beyond pH 6.84. For 
the given boundary partial pressures of 50 and 40 torr the concentration differ- 
ences reach maxima at pH 7.5 for HCOa- and pH 7.2 for H=PO4-, resulting in a 
maximum of facilitated diffusion at pH 7.3. It may be noted that the mechanism 
of facilitated CO= diffusion described by Ward and Robb (19), COs---facilitated 
proton transport with HCOa- diffusion, contributes less than 2% to the flux of 
CO= in the entire pH range considered in Fig. 7, and thus can be neglected. 
Fig.  7 a  allows  us  to estimate  the  facilitation of CO=  transfer in  a  66  mM 
phosphate solution under conditions of pCO= (40-50 torr) and pH (7.0) as they 
may occur inside cells. We find a 2.2-fold increase as compared to free diffusion. GRos  ET  AL.  Proton Transport by Plu~phate Diffusion  787 
CONCLUSION 
A  phosphate solution,  as  used  in  these experiments, can  be considered as  a 
model of the cell interior with respect to proton transport properties. Muscle, 
for instance, has a total intracellular phosphate concentration of 140 mM (2), and 
although most of it is organic phosphate, whose diffusion coefficient  may be 1.5- 
2 times lower than that of inorganic phosphate, its capacity to transport protons 
may be of the same order as that of the 66 mM solution used here. In addition, 
other mobile buffers encountered in  cytoplasma, such  as  proteins and  weak 
acids, will act as proton carriers in a similar way as phosphate (1, 3, 23). 
We may conclude that a powerful mechanism of proton transport acts inside 
the cell to keep pH gradients small and ensure adequate proton fluxes. Almost 
all protons dissociated from fixed acids will be transported intracellularly via this 
mechanism. Cells, which not only contain buffers but also carbonic anhydrase, 
as erythrocytes and cells in the kidney or gastric mucosa do, should, besides the 
facilitation of fixed acid transfer, exhibit an improved intracellular CO~ transfer 
based on the same proton transport mechanism. Facilitated diffusion of CO~ has 
indeed been shown to occur in red cells (30, 31) and very recently even in skeletal 
muscle cells (32) in which carbonic anhydrase is believed to be low. In cells with 
high carbonic anhydrase concentrations more than  half of the CO~ transport 
may occur by facilitated diffusion. 
APPENDIX 
To calculate the CO2 fluxes predicted by the described model of facilitated CO2 diffusion, 
knowledge of the dissociation  constants  of CO2 and  phosphate, and  of the diffusion 
coefficients of HCOC, H2PO4- and HPOC- valid for the pertinent experimental condi- 
tions  was  necessary (see  Eqs.  1 and  5).  These constants  were derived from the  COz 
binding studies  described under Methods  and are compiled in Table III. They were 
calculated as follows. 
The dissociation constant of CO~, Kco,, is defined by the following equation: 
Kco, -  an, [HCO3-] 
[co,]  '  (7) 
TABLE  III 
CONSTANTS USED FOR THE QUANTITATIVE ANALYSIS OF THE MODEL 
"Ytlcoe- 
Conditions  pKco~  pl~  Ya~0,-  kxm,  -°  Dace,-  Da,m,-  Dm~-- 
Infinitely  diluted  soin-  6.$5  7.'20  -  -  11.7 . 10  .4  9.5 • Ill-*  7.5  ,  10-* 
tion 
49  mM  Na,  HPO  4  +  17  6.22 (±0.01)  6.84 (±0.01)  0.74  0.$2  8.7.  10-*  7.0"  10.4  2.4.  10.4 
mM  KHjPO,  (pCOs 
15-70 tort) 
666 mM  NatHPO,  +  39  5.95 (±0.01)  6.46 (±0.01)  0.38  0.069  4.4 • 10  -4  3.6.  10  ~e  0.52 • 10-4 
mM  KHtPO4  (pCOi 
15-70 tort) 
Dissociation  constants of COs and phosphate, pKo~ and pi~a~um~  (with standard errors), and activity and diffusion coefficients,  y 
and D, of HCOj-, HsPOc,  and HPOc-  under different conditions of ionic strength. Temperature 25°C. The pKco. values are 
calculated  using the COs solubilities given in the legend of Table 1. All data at infinite  dilution are taken from Landolt and B6rustein 
(35). Activity and diffusion coefficients  in the phosphate solutions are calculated using the experimentally determined dissociation 
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where ax+ is the H + activity and assumed to be given by the pH measured with the glass 
electrode, [HCOa-] and [CO2] are the concentrations of bicarbonate and dissolved COz, 
respectively. The three parameters on the right-hand side of Eq. 7 were determined at 5 
COo partial  pressures  between  15  and  70 torr,  which approximately covers the  pCO2 
range occurring inside the diffusion layers (see Table I). For each pCOt a value of Kco. 
was calculated. Taking the average of all values of Kco, should yield a value valid for the 
average ionic strength  prevailing in the layers during the diffusion experiments. Kco, 
thus obtained is  listed  in  Table  III for the  66 and  705 mM  phosphate solution. The 
dissociation constant of phosphate, Kph~phate, is defined by: 
Kphosphate  -  a.+ [HPO4--] 
[H, PO,-]  '  (8) 
where [HPO4--] and [HaPO4-] are the concentrations of di- and monovalent phosphate, 
respectively. Making use of the fact that an increase in the concentration of bicarbonate 
due to a rise in pCO2 is accompanied by an equal increase in the concentration of HiPO4- 
(HPO4-- +  COt +  HsO ~  HzPO4- +  HCOa-), we may write: 
[H~PO4-]  =  [HzPO4-](pco,-o) +  [HCOs-],  (9) 
and 
[HPO4--] -- [HPO4--](pco,=o)  -  [HCOs-].  (10) 
where the index (pCOz = 0) indicates the concentrations of the respective phosphate ions 
when pCOs = 0. Thus, knowing the bicarbonate concentrations and the original composi- 
tion of the COz-free phosphate solutions the average values of gpho~hate for the pCOs 
range of interest could be calculated. 
The diffusion coefficients of ions may be estimated as the product of their diffusion 
coefficients at infinite dilution and their acdvity coefficients in the pertinent ionic milieu. 
Diffusion coefficients of ions at infinite dilution are readily calculated from their equiva- 
lent  conductivities  at  infinite  dilution  on  which  extensive  data  are  available  in  the 
literature (33). The activity coefficients of the ions involved were obtained from the values 
of Kco~ and Kpho6,hate shown  in  Table  III, thus  ensuring  that  they are  valid  for the 
conditions of the present diffusion experiments. The CO~ dissociation constant at infinite 
dilution is given by: 
Kco,~0) =  al~*"  [HCOa-]. knco~-  ,  (11) 
[co,] 
where Y.co,- is the activity coefficient of bicarbonate. 
Accordingly, "/aco,- can be calculated from: 
Kco,(o)  (12) 
~/HCOa-  --  Kco2, 
where Kco,(o may be taken from the literature (33). Assuming that the activity coefficients 
of the two monovalent ions involved are identical 
~H~O4 -  =  THCOa-,  (13)  j,, 
we arrive, by a similar consideration, at an expression for "the activity  coefficient of the 
divalent phosphate ion: 
=  gphmphate (0) 
~/rzm,--  Kph~ph.te ' ~/nco,-,  (14) Gitos ItT AL.  Proton Transport by Phosphate  Diffusion  789 
where  KpheePhate~0}  is  the  dissociation  constant  of phosphate  at  infinite  dilution.  The 
activity coefficients of the three ions obtained in this way are listed  in Table III together 
with their diffusion coefficients. 
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